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Abstract—In this paper, we investigate different spatial transmit di-
versity concepts for orthogonal frequency division multiplexing (OFDM)
systems. The idea is to artiﬁcially increase the frequency and time selec-
tivity of the resulting channel transfer function at the receiver antenna
by speciﬁc time-variant phase rotations of the signal at the transmit an-
tennas. The achievable performance gains with the proposed transmit
diversity concepts are presented for convolutionally coded OFDM sys-
tems in typical indoor and outdoor environments. The new concepts can
be implemented in already standardized and existing OFDM systemslike
DAB and DVB-T or HIPERLAN/2, IEEE 802.11 and MMAC, without
changing the standards and the receivers. Moreover, we show further
performance improvements by combining the spatial transmit diversity
concepts for OFDM with code division multiplexing (CDM).
I. INTRODUCTION
Future mobile radio systems have to be highly spectral efﬁ-
cient, allowing high user capacities and high data rates. Mul-
ticarrier modulationrealized by orthogonalfrequency division
multiplexing(OFDM)is well suitedfor highdata rate applica-
tions in fading channels and has been chosen for several new
standards like digital audio broadcasting (DAB) [1] or terres-
trial digital video broadcasting (DVB-T) [2] in Europe and
the three broadband wireless LAN standards [3]: European
HIPERLAN/2, American IEEE 802.11 and Japanese MMAC,
respectively.
Inordertoincrease theuser capacityinacellularsystem, ra-
dio cells are becoming smaller. Additionally, many new wire-
less indoor systems for high data rate applications are speci-
ﬁed, where we have cell radii between several tens of meters
and 100 m. The problem with small cells is that the frequency
selectivity of the mobile radio channel decreases and less fre-
quency diversity can be exploited. When the fading is slow in
time andthere is nodominantpath, itcan occur thatalmost the
whole transmission band is in a deep fade for a certain period
of time and the system is not able to maintain the link. Spatial
transmit diversity concepts have been developed to overcome
this problem [4], [5].
The diversityconcepts proposedinthispaper introducespa-
tial transmit diversity with the aim to artiﬁcially increase the
frequency and time selectivityofthe resultingchannel transfer
function at the receiver antenna by speciﬁc time-variant phase
rotations of the signal at the transmit antennas. The diversity
schemes are designed for OFDM systems enabling high rate
data applications in fading channels. Different concepts and
realizations of spatial transmit diversity are shown and com-
pared. The focus is on typical indoor applications, however,
results for outdoor environments are also presented. Signif-
icant performance improvements can be shown for both sce-
narios. Another advantage is that the proposed schemes can
be implemented in already standardized and existing OFDM
systems likeDAB or DVB-T and HIPERLAN/2, IEEE 802.11
and MMAC, respectively, without changing the standards and
the receivers. Moreover, we show further performance im-
provements by combining the spatial transmit diversity con-
cepts for OFDM with code divisionmultiplexing(CDM) [6].
II. SPATIAL TRANSMIT DIVERSITY WITH OFDM
Several different techniques to achieve spatial transmit di-
versity in OFDM systems are discussed in this section. The
number of used transmit antennas is
M. OFDM is realized by
an IFFT and the OFDM blocks shown in the followingﬁgures
include also a frequency interleaver and a cyclic extension of
the OFDM symbol by a guard interval. The guard interval
duration is
T
g and has to be chosen such that intersymbol in-
terference (ISI) and intersubchannel interference (ICI) can be
avoided. The total number of subcarriers used for data trans-
mission is
N
c.
A. Subcarrier Diversity (SD)
With SD, the subcarriers used for OFDM are clustered in
M smaller blocks and each block is transmitted over a sepa-
rate antenna [4]. The principle of SD is shown in Fig. 1. The
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Fig. 1. OFDM system with subcarrier diversity
abbreviationsUC,DCandIOFDMare usedforup-conversion,
down-conversion and the inverse OFDM operation. After
serial-to-parallel (S/P) conversion, each OFDM block pro-
cesses
N
c
 
M complex-valued data symbols out of a sequence
of
N
c. Each of the
M OFDM blocks maps its
N
c
 
M data
symbols on its assigned set of subcarriers. The subcarriers of
one block should be spread over the entire transmission band-
width in order to increase the frequency diversity per block
[7]. I.e, the subcarriers of the individual blocks should be in-
terleaved.
The advantage ofSD isthat thepeak-to-average power ratio
per transmit antenna is reduced compared to a single antennaimplementation since there are less subchannels per transmit
antenna.
B. Delay Diversity (DD)
With DD, the transmitted multi-carrier modulated signal it-
self is identical on all
M antennas and differs only in an an-
tenna speciﬁc delay
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￿, [5]. The blockdi-
agram of an OFDM system with spatial transmit diversity ap-
plyingDD is shown in Fig. 2. In order to achieve constructive
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Fig. 2. OFDM system with delay diversity
and destructive superposition of the signals within the band-
width of the
N
c subchannels, the delay
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where
B is the bandwidth of the transmitted signal. To in-
crease the frequency diversity by multiple transmit antennas,
the delays of the different antennas have to be chosen as
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where
k is a constant factor introduced for the system design
which has to be chosen large enough (
k
￿
￿) in order to guar-
antee a diversity gain. The parameter
k has to be determined
by simulations. We have found as a rule of thumb that to in-
crease the delay by a factor of
k
￿
￿is sufﬁcient to achieve
promising performance improvements. This result is veriﬁed
by the simulation results presented in Sec. IV. With this rule
of thumb, the delays
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The disadvantage of DD is that the additionaldelays
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￿, increase the total delay spread at the receiver
antennaandwiththatrequirean extensionoftheguardinterval
duration
T
g bythe maximum
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M
￿
￿, reducing
the bandwidth efﬁciency of the system. This disadvantage can
be overcome by phase diversity presented in the next section.
C. Phase Diversity (PD)
The PD technique presented in this paper transmits the sig-
nals on the
M antennas with different phase shifts, where
￿
m
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N
c, is an antenna
and subcarrier speciﬁc phase offset. The phase shift is efﬁ-
ciently realized by a phase rotation before OFDM, i.e., before
the IFFT. The block diagram of an OFDM system with spatial
transmit diversity applying PD is shown in Fig. 3. In order to
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Fig. 3. OFDM system with phase diversity
achieve constructive and destructive superposition of the sig-
nals within the bandwidth of the
N
c subchannels, the phase
￿
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where
f
n
￿
n
 
T
s is the
nth subcarrier frequency,
T
s is
the OFDM symbol duration without guard interval and
B
￿
N
c
 
T
s. Thus, we achieve artiﬁcial frequency selectivity
of the signal spectrum at the receiver antenna.
To increase the frequency diversity by multipletransmit an-
tennas, the phase offset of the
nth subcarrier at the
mth an-
tenna has to be chosen as
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where
k is a constant factor introduced for the system design
which has to be chosen large enough (
k
￿
￿) in order to guar-
antee a diversitygainand is equal to
k introducedin Sec. II-B.
With the rule of thumb of
k
￿
￿(see Sec. II-B), the phase
offsets with PD can be deﬁned as
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Since no delay of the signals at the transmit antennas occur
withPD, a shorterguardintervalcan be used compared toDD,
increasing the bandwidthefﬁciency of the system.
D. Time-Variant Phase Diversity (TPD)
The spatialtransmitdiversityconceptspresenteduptoknow
introduce only frequency diversity. We propose a time-variant
PD (TPD) which can additionally exploit time diversity. TPD
can be used to only introduce time diversity or to introduce
both time and frequency diversity. We focus on the latter con-
cept. The block diagram shown in Fig. 3 is still valid, only
the phase offsets
￿
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n have to be replaced by the time-variant
phase offsets
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which are given by
￿
m
 
n
￿
t
￿
￿
￿
m
 
n
￿
￿
 
t
F
m
  (7)The frequency shift
F
m of the
m-th transmit antenna has to
be chosen such that the channel can be considered as time-
invariant during one OFDM symbol duration, but appears
time-variant over several OFDM symbols.
It has to be taken into account in the system design that
the frequency shift
F
m introduces ICI which increases with
increasing
F
m. In the Sec. IV, we show reasonable values for
F
m.
III. SYSTEM CONCEPT
A. Coding and Modulation
The OFDM system under investigation contains as basic
components the blocks illustrated in Fig. 4 with solid lines.
After channel coding and code bit interleaving a symbol map-
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Fig. 4. Coding and modulation
pergenerates complex-valueddata symbols. The symbolmap-
per can also includea differentialmodulationin order to avoid
an otherwise necessary channel estimation in the receiver.
The complex-valued data symbols are OFDM modulated and
transmitted according to a scheme described in Sec. II. After
inverse OFDM (IOFDM) in the receiver, the data symbols are
demapped, deinterleaved and decoded. The symbol demap-
ping can include a differential demodulation.
B. Extension by code division multiplexing(CDM)
It has been shown in [6] that OFDM-CDM systems out-
perform classical coded OFDM systems with respect to band-
width efﬁciency and bit error rate (BER) performance in fad-
ing channels. The difference between OFDM-CDM and con-
ventional OFDM is that with OFDM-CDM each data sym-
bol is additionally spread over several subcarriers after sym-
bol mapping by the block CDM, see Fig. 4. The spreading is
realized as a Hadamard transform (HT) [8]. Given
L as size of
the HT,
L subsequent complex-valued data symbols are mul-
tiplied with
L different Hadamard codes. The
L spread data
symbols are synchronously added. To keep the HT at an ac-
ceptable extent, the size of
L can be chosen much smaller than
the number of subcarriers
N
c. Thus,
N
c
 
L subsequent spread
sequences are transmitted in one OFDM symbol.
OFDM-CDM has an additional advantage if the interleaver
before the IFFT is used as time and frequency interleaver.
The elements of one spread sequence are distributed (i.e., the
data symbols are spread) over several subcarriers and several
OFDM symbols, achieving frequency and time diversity. The
time interleaving takes into account the maximum allowable
delay in the transmission.
The performance of the OFDM-CDM system depends on
the chosen detector. The detector inherently performs the in-
verse HT (IHT) and requires knowledge about the channel
state information (CSI) for coherent detection. In order to
cope with the self interference in OFDM-CDM systems, an
interference cancellation or joint detection should be used in
the receiver for data detection.
In this paper, we perform soft interference cancellation for
data detection. The soft interference cancellation is in detail
described in [9], [10]. The principle of soft interference can-
cellation is to despread, detect and decode the information of
the interfering data symbols. This decoded interference is soft
re-encoded. Soft interference cancellation takes into account
reliability information about the detected interference. After
interleaving,thesoft bitsare softsymbolmapped such thatthe
reliabilityinformation included in the soft bits is not lost. The
obtainedcomplex-valued data symbols are spread with the as-
signed spreading code and each element is predistorted with
the channel coefﬁcient assigned tothe subcarrier where the el-
ement has been transmittedon. Finally, the totalreconstructed
self interference is subtracted from the received signal and the
desiredinformationisdetected. Itshouldbementionedthatal-
ready using hard decisions after re-encoding achieves promis-
ing results [10].
The spatial transmit antenna diversityconcepts presented in
this paper are also applicable to OFDM based multiple access
schemes likeMC-CDMA[11],which can ina similarwaylike
OFDM-CDM beneﬁt from antenna diversity.
IV. SIMULATION RESULTS
The spatial transmit diversity concepts SD, DD, PD and
TPD described in this paper are applied to coded OFDM sys-
tems. Results are presented for indoor and outdoor propaga-
tion scenarios. The signal bandwidth is
B
￿
￿MHz and the
carrier frequency is located at 2 GHz. The multi-carrier mod-
ulationis realized by OFDM with an IFFT of size 512, result-
ing in
N
c
￿
￿
￿
￿subcarriers. The guard interval duration is
T
g
￿
￿
 s for the indoor environment and
T
g
￿
￿
￿
 s for
the outdoor environment. With this choice of parameters and
the used channel models, the DD and the PD concept have
the same performance since the guard interval is chosen large
enoughforDDtoavoidISIand ICI.The durationofanOFDM
frame is 6.6 ms, which corresponds to the interleaving depth
of the code bit interleaver. Convolutional codes with rate 1/2
and memory 6 are applied as channel codes. QPSK is chosen
for symbol mapping. In the case of OFDM-CDM, we apply
Hadamard codes of length
L
￿
￿for the spreading and soft
interference cancellation for data detection.
The mobile radio channel models are taken from [12].
For an outdoor scenario the 'Outdoor Residential -High An-
tenna' (Channel B) channel model with maximum delay
 
m
a
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 s is chosen. The velocity of the mobile user in
this channel is 30 km/h, resulting in the maximum Dopplerfrequency of 55.6 Hz, and the classical Doppler spectrum is
assumed [12], [13]. For an indoor scenario the 'Indoor Com-
mercial' (Channel B) channel model with maximum delay
 
m
a
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￿ns is used. In this case, the velocity of the mo-
bile user is 3 km/h, the resultingDoppler frequency is 5.6 Hz,
and the ﬂat Doppler spectrum is assumed [12]. The results
showninthe followingare obtainedthroughMonte Carlosim-
ulations.
The total transmit power with
M antennas equals to the
transmit power with 1 antenna in the following analysis, i.e.,
the power per transmit antenna decreases with an increasing
number of antennas
M. The antennas are placed such that
their channel transfer functions can be considered as uncor-
related. The bandwidth efﬁciency of the investigated coded
OFDM system and coded OFDM-CDM system is equal. The
bandwidth efﬁciency is 0.98 bit/s/Hz for the indoor channel
and 0.93 bit/s/Hz for the outdoorchannel.
InFig.5, we showthereduction(i.e. gain)insignal-to-noise
ratio (SNR), here
E
b
 
N
 , to reach the BER of
￿
￿
￿
￿
￿
  with 2
transmit antennas applying DD and PD compared to 1 trans-
mit antenna over the parameter
k introduced in equation (2)
and (5). The results are presented for the indoor and outdoor
scenario. As stated before, the performance of DD and PD is
the same for the chosen system. The curves show that gains of
more than 5 dB in the indoorscenario and of about 2 dB in the
outdoorscenario can be achieved for
k
￿
￿ andjustifythe rule
of thumb of
k
￿
￿applied in equation (3) and (6) and in the
followingsimulations. It is interesting to observe that even in
an outdoorenvironmentwhich already has frequency selective
fading, signiﬁcant performance improvements are achievable.
The performance improvements due to time variance intro-
duced byTPD ina coded OFDM system inthe indoorand out-
doorenvironmentare showninFig.6. The reduction(i.e.gain)
in SNR toreach the the BER of
￿
￿
￿
￿
￿
  with2 transmit anten-
nas applying TPD compared to PD with 2 transmit antennas
over the frequency shift
F
  is shown. It can be observed that
012345678
k
0
1
2
3
4
5
6
g
a
i
n
 
i
n
 
d
B
indoor; COFDM
indoor; OFDM−CDM
outdoor; COFDM
outdoor; OFDM−CDM     
Fig. 5. Spatial transmit diversity gain over the parameter
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frequency shifts of 100 Hz are sufﬁcient to achieve gains in
SNR up to 1 dB, which are even higher for higher frequency
shifts. As a rule of thumb it can be said that the frequency
shifts
F
m,
m
￿
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M
￿
￿, should be less than 10% of the
subcarrier spacing to avoid non-negligibledegradations due to
ICI [14].
The reduction in SNR to reach the BER of
￿
￿
￿
￿
￿
  with
M transmit antennas compared to 1 transmit antenna over the
number of antennas
M is shown in Fig. 7. The results are pre-
sented for a coded OFDM system in the indoor environment.
Except for SD without interleaving, promising performance
improvements are already obtained with 2 transmit antennas.
The optimum choice of the number of antennas
M is a trade-
off between cost and performance.
The BER performance of the presented spatial transmit di-
versity concepts is shown in Fig. 8 for the indoor environment
and
M
￿
￿ . Simulation results are shown for coded OFDM
and OFDM-CDM systems. The performance of the OFDM
system with 1 transmit antenna is given as reference. The cor-
respondingsimulation results for the outdoor environment are
shown in Fig. 9. Taking into account the results presented in
Fig. 6, it can be observed that TPD outperforms the other in-
vestigated transmit diversity schemes and that PD and DD are
superior to SD in the indoor environment. Moreover, the per-
formance can additionally be improved up to 2 dB with an
additionalCDM component.
Finally, some general statements about spatial transmit di-
versity concepts should be made. The disadvantages of spatial
transmit diversity concepts are that multiple transmit chains
and antennas are required, increasing the system complexity.
Moreover, accurate oscillatorsare required in the transmitters,
such that the subcarrier patterns at the individualtransmit an-
tennas ﬁt together and ICI can be avoided. As long as this
measures are done in the base station, e.g., in a broadcasting
system or in the downlink of a mobile radio system, the addi-
tional complexity is reasonable. Nevertheless, it can also be
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justiﬁed in a mobile transmitter. The clear advantage of the
presented spatial transmit diversity concepts is that signiﬁcant
performance improvements of several dB can be achieved in
critical propagationscenarios.
V. CONCLUSIONS
Different spatial transmitdiversity concepts for OFDM sys-
tems have been presented and investigated in this paper. The
purpose of the proposed diversity concepts is to artiﬁcially
increase the frequency and time selectivity of the resulting
channel transfer function at the receiver antenna by speciﬁc
time-variantphase rotationsofthe signalat the transmitanten-
nas. Performance improvements of 5 dB and more have been
demonstrated withthe proposed spatialtransmit diversitycon-
cepts intypicalmultipathpropagationenvironmentscompared
to systems with one transmit antenna. The presented spatial
transmit diversity concepts can easily be implemented in ex-
istingOFDMsystems likeDABand DVB-Tor HIPERLAN/2,
IEEE 802.11 and MMAC, respectively, without changing the
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standards orthe receivers. Further performance improvements
of up to 2 dB have been achieved by adding a code division
multiplexing(CDM) component to the OFDM system.
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